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range  product  is  equal  to  3  (ar^j).  Psychophysical  data  on  visual  thresholds  for  0.33  second 
glimpse  times  when  corrected  to  confident  viewing  with  a  4  degree  uncertainty  of  target  posi- 
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SUMMARY 


Daytime  visibility  is  defined  as  the  distance  a  black  object  can  be  seen  against  the  horizon  sky.  Data  on 
visual  thresholds  for  daylight  illumination  are  examined  and  the  degradation  of  the  contrast  by  the  atmosphere 
described.  The  visibility  as  reported  in  meteorology  correlates  well  with  a  contrast  threshold  of  0.0$  and  thus  the 
attenuation  coefficient  and  threshold  sighting  range  product  is  equal  to  3  (ar— 3).  Psychophysical  data  on  visual 
thresholds  for  0.33  second  glimpse  times  when  corrected  to  confident  viewing  with  a  4  degree  uncertainty  of  target 
position,  predict  the  visibility  distances  well  and  indicate  that  the  meteorological  observers  are  using  targets 
subtending  on  the  average  about  7  6  minutes  of  arc.  Visibilities  have  an  uncertainty  of  approximately  ±20 
percent  in  relation  to  measured  physical  parameters  of  air  clarity.  The  errors  in  visibility  distance  inherent  in  the 
use  of  non-black  targets  and  backgrounds  other  than  the  horizon  sky  are  delineated.  Some  of  the  physical 
methods  of  measuring  air  clarity  are  described  with  reference  to  their  use  in  obtaining  a  measure  of  visibility. 
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DAYTIME  VISIBILITY, 

A  Conceptual  Review' 

Jacqueline  I.  Gordon 


1.  INTRODUCTION 

Visibility  is  one  of  the  standard  meteorological 
parameters  reported  to  summarize  the  state  of  the 
weather.  These  visibilities  are  primarily  based  on  visual 
sightings  by  meteorologists  at  airports.  These  are  often 
made  hourly  and  are  available  for  specific  dates  or  as 
historical  averages  which  summarize  the  state  of  the 
atmosphere  at  each  locality.  This  report  will  attempt  to 
define  the  psychophysical  and  physical  bases  of  daytime 
visibility  sightings  and  to  correlate  this  daytime  visibility 
with  physical  measurements  of  air  clarity. 

The  World  Meteorological  Organization  (WMO 
(1971)  Sec.  10.1.1)  defines  daytime  visibility  as  follows: 
" Meteorological  visibility  by  Jay  is  defined  as  the  greatest 
distance  at  which  a  black  object  of  suitable  dimensions, 
situated  near  the  ground,  can  be  seen  and  recognized,  when 
observed  against  a  background  of  fog  or  sky."  In  order  to 
understand  the  meaning  of  this  visibility  distance,  let  us 
review  the  pertinent  psychophysical  data  on  visual 
thresholds  and  the  equations  for  determining  the 
degradation  of  the  luminance  signal  by  the  atmosphere. 


2.  VISUAL  THRESHOLDS  FOR  DAYLIGHT 
ILLUMINATION 

Visual  thresholds  for  daylight  are  expressed  in  terms 
of  the  just  perceptible  apparent  contrast  of  the  object  C’, 
against  the  background.  The  contrast  is  a  function  of  the 
apparent  object  luminance  ,B and  the  apparent 
background  luminance  bB,, 


The  contrast  threshold  of  the  human  eye  for  full 
daylight  changes  very  little  as  a  function  of  background 
luminance  bB,  but  is  a  strong  function  of  the  angular 
subtense  of  the  target  and  the  time  spent  looking  at  the 
target  At.  Figure  1  contains  a  graph  of  angular  size  as  a 
function  of  contrast  for  confident  sighting  (99  percent 

*  The  first  draft  of  (his  review  was  issued  as  Visibility  Laboratory 
Technical  Memorandum  AV78-07U,  21  July  1978. 


probability)  and  a  lack  of  knowledge  of  target  position  of 
±4  degrees  or  more 

The  data  for  long  duration  viewing 
Af  =  24  seconds—  oo  are  from  the  Tiffany  experiment. 
Blackwell  (1946)  The  liminal  contrast  values  (50  percent 
probability  of  detection)  were  multiplied  by  I  91  to  obtain 
a  99  percent  probability  and  by  1.31  for  lack  ol  exact 
knowledge  where  to  look  (no  orientation  lights  such  as  are 
used  in  the  vision  experiments).  The  total  factor  was 
1-91x1.31  =  2.50.  The  Tiffany  data  are  tabulated  in 
Appendix  A  of  Duntley  (1946). 

The  data  for  0.33  second  viewing  are  from  Taylor 
(1964).  These  forced-choice  liminal  contrasts  were  first 
multiplied  by  a  factor  of  1.2  to  change  from  the  Forced- 
Choice  to  a  Yes-No  situation.  Thus  the  total  factor  used 
for  the  0.33  second  data  was  1.2x1  91x1.31  -3.00. 

The  correction  factors  are  taken  from  Taylor  (1964). 

The  Tiffany  \t  -  oo  data  indicate  that  the  horizon 
luminances  for  full  daylight,  clear  or  overcast  (3400  to  340 
lu/llm2)  make  very  little  difference  to  the  threshold 
contrast  except  at  very  small  angular  size.  The  time  used 
in  viewing  the  object  does  have  a  direct  effect  on  the 
threshold  especially  for  large  angular  size  objects.  The 
0.33  second  viewing  time  is  the  average  fixation  lime 
during  free-search  situations  as  determined  bv  White 
(1964). 

The  WMO  (1971)  recommendation  on  object  size  is 
as  follows:  "In  order  that  day-time  visibility  measurements 
should  be  representative,  they  should  be  made  using  objects 
subtending  an  angle  of  not  less  than  0.5  degree  at  the 
observer's  eye."  Also  they  indicate  that  if  instruments  are 
used  to  evaluate  the  visibility  by  day,  a  contrast  threshold 
of  0.025  should  be  used.  Angular  sizes  in  degrees  arc 
indicated  on  the  second  scale  on  the  ordinate  of  l-'ig.  1.  A 
contrast  of  0.025  is  indeed  consistent  with  an  angular  size 
of  0.5  to  5  degrees  for  the  0.33  second  curve  in  Fig.  I. 


3.  DEGRADATION  OF  THE  LUMINANCE  SIGNAL 
BY  THE  ATMOSPHERE 

The  apparent  contrast  of  an  object  <b>  is  a 

function  of  the  inherent  contrast  the  inherent 

background  luminance  bH„t:l.n.<b),  the  apparent 
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(4) 


I  INK 


(Nil  iii  in  I  n 

com  ram  < 

I  ig  I  Angular  Si/e  as  a  I -unction  of  (  ontrusi  lor  .1  *W  Percent  Pro* 
bubil'ty  U  onlidcnccl  and  a  Lack  ol  Knowledge  of  large!  Position 
of  ±4  Degrees  or  More 


background  luminance  4B,<:.fl.4>)  and  the  luminance 
transmittance  of  the  intervening  atmosphere  7;tr.«), 

-  CJz„0.<t>)  r,(z.»)  (2) 

The  modifiers  in  parenthesis  refer  to  the  altitude  ;  of  the 
sensor,  zenith  angle  »  and  azimuth  <t>  of  the  path  of  sight 
t:,  refers  to  the  altitude  of  the  object).  Equation  (2)  is 
rigorously  true  for  monochromatic  radiation,  however  it 
may  also  he  used  as  a  reasonable  engineering 
approximation  for  sensors  with  a  broad  passband  in  the 
visible  portion  of  the  spectrum. 

Since  the  WMO  (1971)  specifies  a  black  object 
viewed  against  a  horizon  sky,  and  since  the  inherent 
contrast  of  a  black  object  is  reasonably  close  to  -  I,  Eq.  (2) 
can  be  further  simplified.  If  the  horizon  sky  is  further 
restricted  to  mean  the  "cloudless"  horizon  sky,  the  ratio  of 
inherent  to  apparent  background  luminance  also  equals  I. 
Now  Eq.  (2)  can  be  rewritten  as: 

|r,io.90*,*)|  -  rr<o.>x>°> .  (3) 

The  absolute  value  of  the  apparent  contrast  is  used  in  Eq. 
(3)  since  the  transmittance  is  a  positive  term  and  since  the 
visual  threshold  depends  upon  the  absolute  value  of 
apparent  contrast  and  not  on  whether  the  contrast  is 
positive  or  negative. 

The  transmittance  at  range  r  can  be  also  expressed 
as  a  function  of  the  attenuation  coefficient  n<:)  and  the 
range  r. 


(,(0.0u 

The  attenuation  coefficient  nim  is  the  average  attenuation 
coefficient  for  the  photopically  filtered  sensor  over  the 
path  length  r.  If  the  layer  of  atmosphere  near  the  ground 
is  homogeneous.  «<()>  is  isotropic  and  can  be  measured  as 
a  point  function  and  applied  to  the  total  path. 

Thus  Eq.  (4)  defines  the  visibility  range  r  once  the 
contrast  threshold  is  also  defined. 

4.  THRESHOLD  CONTRAST  OF  VISIBILITY 

TARGETS 

The  question  that  arises  at  this  point  is,  what 
threshold  contrast  is  actually  limiting  the  visibility  when  a 
target  is  sighted.  Fortunately,  a  number  of  experiments 
have  been  conducted  wherein  the  visibility  range  was 
determined  visually  at  the  same  time  as  the  degradation  of 
the  atmosphere  was  measured  with  physical  instruments. 

One  of  the  best  experiments  attempting  to  measure 
threshold  contrast  for  visibility  targets  was  conducted  by 
Douglas  and  Young  (19451.  They  measured  transmittance 
in  terms  of  the  transmittance  to  a  unit  distance  of 
1  kilometer,  i.e: 

7,(0. 40°)  =  7,10.90°)'  .  (5) 

where  r  is  expressed  in  kilometers.  Thus  the  contrast 
threshold  can  be  expressed  as 

!ct<o.w.<Mi  -  r,<o.9o“r .  (6) 

They  measured  the  transmittance  with  a  transmissometer 
and  also  determined  the  visibility  range  r  using  black 
panels  viewed  against  the  horizon  sky  for  short  distances. 
In  addition,  they  used  some  supplementary  non-black 
targets  against  the  horizon  sky  at  longer  distances  (with 
some  overlap  in  range).  Equation  (6)  can  be  rewritten  as 

-logl-log  T | (0,90°) |  =  -t-log  r  -  log|-log|Cr|]  (7) 

Equation  (7)  is  in  the  classical  form  of  an  equation 
for  a  straight  line,  y  =  mx  +  b.  The  Douglas  and  Young 
Eig.  8,  which  is  a  data  graph  in  the  form  of  -logl-log 
T,(0,90°)l  versus  log  r.  is  reproduced  herein  as  Fig.  2. 
The  scales  are  marked  in  transmission  per  kilometer  7j 
and  visual  range  r.  If  there  is  a  reasonably  constant 
threshold  contrast  |c; I,  the  data  will  result  in  a  straight 
line  on  the  graph,  with  a  slope  of  1  or  45  degrees.  The 
intercept  -fasl-4«|C',ll— 7j)  is  at  the  point  log 
r-0,  thus  |c,|«7j  when  r=l.  They  computed  the 
average  I  f, I  =0.055  from  Eq.  (7)  using  the  data  for  the 
black  panels  (Grades  A,  B  &  C)  and  the  miscellaneous 
targets,  but  ignored  the  twilight  and  weather  bureau  data. 
The  black  panel  data  (it  the  average  best.  No  statistical 
measure  of  deviation  was  given. 
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Fig  2  Douglas  and  Young  (I945L  Figure  8.  Oa>limc  Tran^nussonicter  (  alihraiion.  *(J  -  i'f 


If  the  threshold  contrast  is  a  constant,  the  product 
of  the  attenuation  coefficient  times  the  sighting  range  ar  is 
also  a  constant,  i.e.,  another  way  of  expressing  Eq.  (4)  is 


-In  |C',I  —  ar  .  (8) 

The  product  ar  based  on  the  average  !  Crl  for  the  Douglas 
and  Young  data  was  2.9. 

Duntley  (1948)  reported  a  comparison  of  the 
visibility  &L  reported  by  a  staff  meteorologist  at  Tiffany  and 
the  meteorological  range  as  calculated  from  measurements 
of  the  luminance  transmittance.  On  the  average,  the 
visibility  range  was  0.75  of  the  meteorological  range.  The 
meteorological  range  MR  was  defined  by  a  threshold 
contrast  of  0.02  or  r/MR  =  3  9  If  the  visibility  ris  0.75  of 


the  meteorological  range  MR,  .»r=0.75(3.9)  =  2.9  and 
(,=0.055.  This  is  in  good  agreement  with  the  Douglas 
and  Young  (1945)  values. 

Middleton  (1952)  cited  two  other  experiments  to 
obtain  !C,|.  One  in  Ottawa  during  1950-1951  measured 
the  apparent  contrast  of  visibility  targets  against  a  horizon 
background  at  the  moment  of  use  to  specify  visibility 
range.  These  apparent  contrasts  are  graphed  in  Fig.  3 
(Middleton's  Fig.  10,1).  I  computed  an  average 
SC,!  =0.042  and  a  standard  deviation  of  0.031.  The 
average  orl'or  the  Ottawa  data  based  on  Eq.  (8)  is  3.2. 

In  order  to  get  a  better  picture  of  the  variability  of 
the  ar  product,  I  regraphed  Fig.  3  by  computing  <*rand  the 
number  per  Ala/d  for  each  AC,  =0.01  interval.  This  graph 
is  given  in  Fig.  4.  The  !(,!  interval  o— <101  was 
approximated  by  (',-<) dot—  u.oi. 
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The  second  experiment  cited  by  Middleton  used 
1943-1944  Mount  Washington  data  on  measured 
attenuation  coefficient  and  visibility  ranges  to  compute  |C‘,I 
(presumably  from  Hq.  (4))  These  apparcnl  contrasts  are 
graphed  in  Tig  5  (Middleton's  Fig.  10.2)  1  computed  the 
average  I  < ,  i  =0.034  with  a  standard  deviation  of  0.022. 
The  average  ar  based  on  fcq.  (8)  is  3.4  The  method  of 
obtaining  the  visibility  range  in  cloud  was  unspecified. 
These  data  are  regraphed  as  a  function  of  ar  and  the 
number  per  al«/-|=0. 1  in  Fig.  6. 

Horvath  and  Noll  (1969)  reported  measurements  of 
total  volume  scattering  coefficient  r<0>  and  concurrent 
visibility  ranges  for  two  observers  on  the  roof  of  a  four 
story  building  in  Seattle.  The  total  volume  scattering 
coefficient  was  measured  with  an  integrating 
nephelometer,  an  instrument  described  in  full  by 
Charlson,  era/.  <  1967).  The  total  scattering  coefficient  is 
equivalent  to  the  attenuation  coefficient  «(0)  if  there  is  no 


absorption.  The  observers  reported  the  prevailing 
visibility  based  on  visibility  markers  consisting  of  large 
buildings  and  mourn  in  ridges  at  known  distances.  The 
prevailing  visibility  was  defined  as  "the  greatest  visibility 
attained  or  surpassed  around  at  least  half  of  the  horizon 
circle  but  not  necessarily  in  continuous  sections." 

Horvath  and  Noll  (1969)  indicated  that  visibilities 
from  the  first  observer  resulted  in  an  average  ar  of  3.5 
±0.36  from  34  observations.  The  second  observer  made 
33  observations  and  had  an  average  ar  of  3.18  ±0.25. 
The  two  observers  made  no  simultaneous  observations. 

Hering,  et  at.  (1971)  reported  •  concurrent 
measurements  of  transmittance  and  visibility  or  sighting 
range  r  during  periods  of  summer  fog.  The  sighting 
ranges  were  determined  for  distances  up  to  0.5  mile  by  the 
use  of  black  rectangular  targets  with  horizon  sky 
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backgrounds  spaced  at  0.0625  mile  intervals  resulting  in  8 
targets  in  the  0.5  mile  range.  The  size  of  the  targets  was 
increased  with  distance  so  as  to  subtend  0.5  degree  at  each 
distance.  Antenna  towers  were  used  as  visibility  markers 
for  distances  greater  than  0.5  mile  The  measurements, 
both  in  transmittance  and  sighting  range,  were  I -minute 
averages. 

F.qualion  (8)  may  be  rewritten  as 

log  r  =  -log  tt  +  logf-/»l(  ,l)  (9) 

Again  if  the  threshold  contrast  If, l  is  constant,  a  graph  of 
log  r  (or  log  visibility)  as  a  function  of  log  «  will  result  in 
a  straight  line  with  a  slope  of  -  I.  Fig.  9  from  liering,  el  at. 
(1971)  is  in  this  form,  it  is  reproduced  as  Fig.  7  herein 
The  solid  line  represents  a  contrast  threshold  of  0.02  and 
the  dashed  line  a  contrast  threshold  of  0.055.  The  -lack 
targets  (visibilities  ^  0.5  nnle)  yielded  sighting  ranges 
consistent  with  0.02  and  the  use  of  the  antenna  towers 
resulted  in  higher  threshold  contrasts,  nearer  to  or  greater 
than  0.055.  The  lines  are  for  interpreting  the  data  but 
were  not  derived  from  the  data. 

The  results  of  the  six  studies  described  above  are 
summarized  in  Table  1. 


extinction  on  ihcient  in  ’) 

TRANSMISSOMfcTlR 

Jig.  7.  Hermg.  rl  ai.  (|97|).  I  igurc  9.  Comparison  Between 
Transmissometcr  Measurement  anil  Human  Visibility  Observations 
During  the  Daytime.  *  |#  -  (  r 


5.  THRESHOLD  .WU  FAR  Sl/.F  OF  MSIBII.m 
OBJ  FI  TS 

Although  the  W  MO  (1971)  and  Middleton  i|952' 
advise  ihe  use  ol  vimHiIiiv  objects  subtending  an  angle  o! 
0  5  to  5  degrees,  (he  evidence  from  the  studies  iust 
described  indicates  the  actual  use  ol  visihilitv  ohiecls  ot 
smaller  angular  size. 

Douglas  and  T  uung  (1945)  indicated  that,  at  the 
visibility  range  distances,  the  black  panels  varied  from  5  to 
28  minutes  of  arc  in  angular  size  1  hose  angles 
correspond  to  contrasts  of  0.029  to  Oil  on  the  057 
second  curve  in  Tig  I  The  lines  lor  =0  098  and 
0  051  in  lag  2  indicate  that  the  bulk  of  the  black  panel 
data  fall  in  that  contrast  range  This  range  is  practically 
synonymous  with  the  range  indicated  by  the  0,55  second 
curve  based  on  the  actual  <■  range  for  the  experiment 
Thus  the  Taylor  (1904)  0.55  second  data  for  full  daylight, 
with  a  correction  factor  of  5  to  allow  lor  99  percent 
probability  of  detection  and  lack  of  knowledge  of  target 
position  of  ±4  degrees  or  more,  are  consistent  with  the 
visibility  range  experiment  conducted  by  Douglas  and 
Young  (1945) 

The  two  experiments  cited  hv  Middleton  (1952)  did 
not  measure  target  angular  size 

The  Ottawa  data  cited  by  Middleton  on  contrast 
measured  during  visibility  range  sightings  yielded  an 
average  threshold  contrast  ol  0.042  and  a  standard 
deviation  of  0051  or  a  range  for  67  percent  of  the  cases  of 
0.01 1  to  0.075  in  contrast.  The  corresponding  angular  size 
range  based  upon  ihe  0.35  second  curve  in  Tig  I  is  4  5  lo 
>120  minutes  ol  arc  for  this  contrast  i.inge.  and 
10  minutes  of  arc  Tor  the  average  contrast  value 

The  Mouni  Washington  data  based  on  attenuation 
coefficients  measured  during  the  vistbiliu  range  sighitngs. 
yielded  an  average  contrast  of  0.054  and  a  standard 
deviation  of  0.022  or  a  range  of  0.01  2  to  0  056  contrast  for 
67  percent  of  the  cases.  The  corresponding  angular  size 
range  based  on  the  0.55  second  curve  in  lag  I  is  6.5  to 
>  120  minutes  and  the  average  is  20  minutes 

The  smaller  contrast  values  <0.011  and  0.012)  at  the 
lower  end  of  the  ranges  for  one  standard  deviation  actually 
indicate  a  probable  larger  time  interval  for  the  sightings 
rather  than  a  larger  angular  size  than  120  minutes.  In 
other  words,  a  vision  curve  somewhere  between  Sr  =  °° 
and  St— 033  seconds  probably  is  appropriate  for  those  low 


Table  1. 


Threshold  Contrast  and  the  Attenuation  Coefficient  Times  the  Sighting  Range  or  for  Daytime  Visibilities 


Reference 

Description 

Threshold  Contrast 

Attenuation 
Coefficient  *  Sighting 
range  at 

Average 

Standard 

Deviation 

Douglas  A  Young  (1945) 

Transmwaometer 

0  055 

■  —\ 

29 

Duntley  (1948) 

Tiffany 

0.055 

29 

Middleton  (1952) 

Mt.  Washington  (1943-44) 

0.034 

0022 

34 

Middleton  (1952) 

Ottawa  (1950-50 

0.042 

0  031 

32 

Horvath  A  Noll  (1969) 

Observer  1 

0030 

3  5±  0  36  | 

Horvath  A  Noll  (1969) 

Observer  II 

0  042 

3  2±0  25 

Hering  ttai  (1971) 

BtacX  utr»eu  (<  1/2  ml  Viability) 

*002 

*3  9 

Henng  eta!  (I97|) 

Antenns  towers  (>  1/2  mi  Visibility) 

>0.055 

<29 

contrasts  A  change  in  the  confidence  limits,  even  to  a 
probability  of  50  percent  does  not  allow  for  .1  large  enough 
contrast  factor  between  the  contrast  lor  120  minutes  of  arc 
and  the  0.01 1  or  0.0 1 2  contrast 

On  the  other  hand,  one  must  posit  an  untrained 
observer  before  it  is  reasonable  to  depict  a  vision  curve  to 
the  right  of  the  0,33  second  curve.  Therefore.  I  believe  it 
is  more  likely  that  many  of  the  visibility  targets  were 
indeed  less  than  0.5  degrees  during  the  sightings  and 
hence  the  average  angular  sizes  were  indeed  less  than  0  5 
degrees  for  both  studies  cited  by  Middleton  (1952). 

Horvath  and  Noll  (1969)  measured  total  volume 
scattering  coefficient  (which  is  reasonable  to  assume 
equivalent  to  the  attenuation  coefficient)  and  obtained  the 
sighting  range  r  simultaneously.  The  average  attenuation 
coefficient  times  sighting  distance  for  Observer  I  was  3.5 
±0.36  The  resultant  average  contrast  computed  from  Eq. 
14)  is  0.03  with  a  range  of  0.021  to  0.043  in  contrast.  The 
corresponding  angular  size  average  is  24  minutes  with  a 
range  of  10  to  >120  minutes  of  arc  based  on  the  0.33 
second  curve  in  fig.  I.  Similarly  the  average  attenuation 
coefficient  limes  sighting  distance  for  Observer  II  was  3.2 
±0.25  The  computed  average  contrast  is  0.042  and  the 
computed  contrast  range  is  0.032  to  0.052.  The 
corresponding  angular  size  average  is  10  minutes  of  arc 
with  a  range  of  6.7  to  20  minutes  of  arc. 

The  Hering,  cl  al.  (1971)  black  target  data  were  for 
30  minutes  (or  0.5  degree)  angular  subtense.  The 


approximate  threshold  contrast  of  0.02  is  not  inconsistent 
with  fig.  1  in  that  sighting  ranges  were  lor  a  I  minute 
period,  but  were  considered  an  average  over  that  period 
rather  than  the  best  distance  possible  during  I  minute  A 
v  ision  curve  slightly  to  the  left  of  the  0  33  second  curve  is 
probably  not  inappropriate  for  such  data. 

The  longer  sighting  ranges  obtained  using  antenna 
towers  as  targets  undoubtedly  indicate  the  targets  were  at  .1 
smaller  angular  subtense  than  30  minutes.  The  0.33 
second  curve  indicates  an  average  subtense  of  6.5  minutes 
for  a  contrast  threshold  of  0.055.  thus  a  curve  slightly  to 
the  left  would  indicate  targets  <6.5  minutes  in  size. 

The  contrast  and  angular  size  relationships  just 
described  are  summarized  in  Table  2  The  average 
angular  size  of  the  visibility  targets  except  for  the  Hering. 
cl  al.  (1971)  black  targets  was  always  less  than  0  5 
degrees,  ranging  from  6.5  minutes  for  the  Douglas  and 
Young  (1945)  and  Hering.  ct  al.  (1971)  antenna  targets 
experiment  to  24  minutes  for  Observer  1  in  the  Horvath 
and  Noll  (1969)  study  Indeed,  this  is  not  entirely 
surprising  since  for  a  visibility  target  to  be  0.5  degree  or 
larger,  it  would  have  to  be  equal  to  or  greater  than  the 
angular  size  of  the  sun  or  moon. 

Thus  although  the  WMO  (1971)  recommends  a 
target  0.5  degree  or  greater  in  size,  the  corresponding  use 
of  a  threshold  contrast  of  0.025  and  thus  the  attenuation 
coefficient  range  pioduct  of  3.7,  the  historical  visibility 
data  do  not  actually  conform  to  this  recommendation. 


Table  2. 

The  Contrast  and  Angular  Sue  Relationship  Based  Upon  0.33  Second,  a  99  Percent  Probability, 
and  a  Lack  of  Knowledge  of  Target  Position  of  ±4  Degrees  or  More 


Reference 

Basis 

Average 

or 

Range 

Contrast 

Angular  Sui 
(Minutes  of  Arc) 

Measured  Transmittance 

Average 

0.055 

6  5 

Douglas  A  Young  (19451 

Measured 

Min 

Oil 

3 

Angular  Sue 

Man 

0.029 

28 

Measured 

Duntley  (1948) 

Transmittance 

Average 

0.055 

6  5 

Middleton  (1952) 

Ottawa 

Measured 

Average 

10 

Contrast 

+ 1  STD  Cr 

0073 

45 

■1  STD  Cf 

0.011 

>120  or  At  >  0  33  sec 

Mourn  Washington 

Measured 

Average 

0  034 

20 

Attenuation 

+  1  STD  Cr 

0.056 

63 

Coefficient 

-1  STD  Cr 

0012 

>120  or  Ar  >  0.33  sec 

Horvath  A  Noll  (I960) 

Observer  1 

Measured 

Average 

0030 

24 

Scattering 

*0.36  ar 

0.043 

10 

Coefficient 

+0.36  or 

0021 

>  120  or  Al  >  0.33  sec 

Observer  II 

Measured 

Average 

0.042 

10 

Scattering 

-0  25  or 

0.052 

6  7 

Coefficient 

+0.25  or 

0.032 

20 

Hering  etal.  (1971) 

Black  Targets 

Measured  Transmittance 

Average 

0020 

30 

and  Measured  Angular  Sue 

Antenna  Towers 


Measured  Transmittance 


>0.055 


<  6  5 


6.  RELATIONSHIP  OF  ATTENUATION 

COEFFICIENT  AND  THRESHOLD  SIGHTING 
RANGE 

The  attenuation  coefficient  is  related  to  the 
threshold  sighting  range  and  threshold  contrast  according 
to  Eq.  (8).  A  threshold  contrast  of  0.05  results  in  an 
attenuation  coefficient  times  threshold  sighting  range  of 
3.0.  Allowing  a  20  percent  range  for  variability  in  sighting 
distance  results  in  an  or  range  of  2.4  to  3.6  or 

or  =  3±0.6  .  (10) 

The  corresponding  threshold  contrast  range  is  0.027  to 
0.091.  This  range  of  threshold  values  of  contrast  and 
attenuation  coefficient  times  sighting  range  includes  the 
bulk  of  the  best  defined  data,  tirades  A,  B  &  C  from 
Douglas  and  Young  (1945)  |This  range  is  very  close  to 
the  lines  drawn  for  C,  =0.098  and  0.031  in  Fig.  2.] 

As  can  be  seen  from  Table  1,  this  threshold  value 
and  range  of  ±20  percent  for  ar  also  includes  the  average 
values  from  Duntley  (1945),  the  average  from  the  two 
experiments  cited  by  Middleton  (1952),  the  average  for 
each  observer  from  Horvath  and  Noll  (1969),  and  the 
antenna  target  data  of  Hering,  et  al.  (1971).  [The  ±20 
percent  range  actually  includes  60  percent  of  the  Ottawa 
data  and  52  percent  of  the  Mount  Washington  data]. 

In  a  way  this  is  remarkable  consistency  considering 
the  variability  of  the  values  recommended  historically. 
The  various  values  of  recommended  threshold  contrast  as 
summarized  by  Middleton  (1952)  are  given  in  the  third 
column  of  Table  3.  The  corresponding  ar  using  Eq.  (8) 
are  given  in  Col.  4. 

Table  3. 


Historical  Summary  of  Previously  Recommended  Threshold  Values 


Reference 

Description 

Threshold 

(.  omrasl 

Attenuation  CoeftWteni 
Times 

Threshold  Range 

Koschmteder  (1924) 

Non-txperimental 

0  02 

39 

Houghton  (1939) 

to* 

006 

28 

Schallenberger  A  Little  (1940) 

Ha/e  &  Smoke 

0  032 

34 

Bncard  (1944) 

Log 

0.0077 

49 

0  025 

3  7 

Barteneva  (I960) 

Visibility 

0  05 

30 

WMO  (1971) 

MOR 

0  05 

30 

There  are  several  more  recent  recommendations  for 
visibility  threshold  values  which  are  consistent  with  Eq. 
(10).  These  are  also  given  in  Table  3.  Barteneva  (I960) 
used  an  ar  of  3  to  compare  her  measured  values  of 
transmittance  and  total  volume  scattering  coefficient  to  the 
visibility. 

The  WMO  (1971)  recommended  (as  of  1957)  the 
adoption  of  the  concept  of  Meteorological  Optical  Range 
(MOR)  which  is  defined  as:  "  The  length  of  path  in  the 
atmosphere  required  to  reduce  the  luminous  flux  in  a 
collimated  beam  from  an  incandescent  lamp  at  a  colour 
temperature  of  2700°K  to  0.05  of  its  original  value ,  the 
luminous  flux  being  evaluated  by  means  of  the  photopic 
luminosity  function  of  the  C  If."  This  corresponds  to  an 
ar“3. 


The  Visibility  Laboratory  has  also  been  using  <>r=3 
(Duntley,  ci  al.  (1972)  and  ensuing  reports)  as  an 
approximation  of  the  Douglas  and  Young  <  1 945 )  data 

The  contrast  threshold  0.05  and  the  contrast  range 
0  027  to  0.091  which  correspond  to  the  ±20  percent  range 
in  sighting  distance  specified  by  Fq  00)  arc  depicted  in 
l  ig.  1  as  dashe  I  lines  connecting  the  abcissa  to  the  0  33 
second  visual  th  eshold  curve  which  in  turn  connects  them 
to  the  corresponding  dashed  lines  on  the  ordinate 
indicating  thresiold  angular  size  The  threshold  angular 
size  is  thus  7.6  minutes  of  arc  with  a  range  from  3  6  to  35 
minutes  of  arc  corresponding  to  the  ±20  percent  range  in 
sighting  distance. 

Thus  the  visibility  can  be  reasonably  defined  as  the 
distance  a  black  target  can  be  seen  against  the  cloudless 
horizon  sky.  It  is  related  to  the  attenuation  coefficient 
with  an  accuracy  of  ±20  percent  by  the  relationship 
indicated  by  Fq.  (10). 

Awareness  that  the  visibility  distance  and 
attenuation  coefficient  are  most  closely  related  to  a  0  33 
second  fixation  time  and  an  angular  target  size  of  7  6 
minutes  would  undoubtedly  increase  the  precision  level  of 
the  visibility  sightings. 

The  errors  in  making  visibility  estimates  using  non¬ 
black  targets  and/or  backgrounds  other  than  the  horizon 
sky  cun  now  be  evaluated  with  reference  to  the 
relationship  defined  by  Fq.  (10). 

7.  RELATIVE  VISUAL  RANGE  OF  NON-BLACK 
TARGETS 

The  visual  range  r,  of  a  non-black  target  as  seen 
against  the  cloudless  horizon  sky  is: 

r,  -  ..«»  'l/lllCj  111 !  <  ,t  1 1  HI) 

Whereas  the  visual  range  of  a  black  target  is 

r  -  I,(0)-,|-/n!Cf||  .  (12) 

Dividing  Fq.  (ID  by  Fq  (12)  we  get  the  visual  range  of  a 
non-black  target  relative  to  the  visual  range  based  on  a 
black  target.  Then  since  the  contrast  threshold  of  a  non¬ 
black  target  is  equivalent  to  the  contrast  threshold  of  a 
black  target  If, I  -  l(,J,  we  have 

il  .  5IL-L- “(ii .  “i-i , ,  „„ 

r  -l«Krl  3 

Eq.  (13)  is  a  measure  of  the  error  of  using  a  non-black 
target  assuming  the  contrast  threshold  for  the  visibility 
target  to  be  0.05.  The  absolute  value  of  inherent  contrast 
is  used  in  Eq.  (13)  since  the  visual  threshold  depends  on 
the  absolute  value  but  not  whether  the  contrast  is  positive 
or  negative.  Also,  the  natural  logarithm  cannot  be 
evaluated  for  a  negative  value  of  contrast. 

Inherent  contrast  can  be  expressed  as  a  function  of 
the  target  to  background  reflectance  ratio. 
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of  known  reflectance  can  be  evaluated  as  to  contrast  The 
equivalent  reflectance  of  the  horizon  sky  would  be 


The  relative  visual  range  was  evaluated  for  various 
values  of  inherent  target  to  background  reflectance  ratio 
and  graphed  in  Fig.  8.  The  lower  scale  on  the  abscissa 
gives  the  reflectance  ratio,  and  the  upper  scale  is  marked 
in  contrast.  The  ordinate  is  marked  in  relative  visual 
range.  The  relative  visual  range  stays  between  1  and  0.95 
for  negative  contrasts  from  -I  to  -0.86  which  corresponds 
to  a  range  in  target  to  background  ratio  of  0  to  0.14.  For 
positive  contrasts  the  relative  visual  range  changes  rapidly 
with  the  target  to  background  ratio.  There  is  only  a  brief 
range  of  target  to  background  ratios  of  1.86  to  2.16  when 
the  relative  visual  range  is  1.0  ±5  percent  for  positive 
contrast  targets. 

Horizon  Sky  Equivalent  Reflectance. 

It  is  useful  to  have  an  equivalent  reflectance  for  the 
horizon  sky  so  that  contrasts  of  non-self  luminous  targets 
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The  irradianee  notation  //(0.90a.4>+l80°)  indicates  the 
altitude,  zenith  angle  and  azimuth  of  the  normal  from  the 
surface  of  the  irradiometer. 

The  relative  visual  range  can  be  graphed  as  a 
function  of  horizon  sky  reflectance  for  a  given  target 
reflectance.  Curves  for  targel  reflectances  0.04  for  black 
or  forest,  0.10  for  growing  crops.  0.20  for  sand,  and  0.80 
for  while  or  snow  are  given  in  Fig.  9.  This  graph  is 
essentially  the  inverse  of  Fig.  8  with  the  zero  contrast 
point  at  the  horizon  sky  reflectance  value  equal  to  the 
target  reflectance. 

As  can  be  seen,  with  high  sky  reflectances  greater 
than  1,  a  number  of  targets  in  addition  to  the  black  targel. 
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lor  a  Contrast  Ihreshold  ol  0.05. 


HORIZON  SKY  EQUIVALENT  REFLECTANCE 

•T*  9  Relative  Visual  Range  as  a  Function  ol  Horizon  Sky  ITjuivaleni  Reflectance  tor  Some  Sample  Target  Reflectances. 
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can  be  used  to  obtain  visual  range  with  reasonable 
accuracy. 

Horizon  Sky  Reflectance  for  Overcast. 

Middleton  (1952)  used  a  modified  form  of  the 
Moon  and  Spencer  (1942)  equation  for  the  overcast  sky 
radiance  as  follows 

N(0,6)  -  A<0.90°)  II  +  /M  cos#l  (16) 


various  target  reflectances  from  black  or  0  04  to  white  or 
0.80.  This  graph  can  be  interpreted  in  terms  ot  the 
relative  visual  range  by  overlaying  Fig  9  on  Fig  10a.  as 
shown  in  I'ig.  10b.  Figure  10c  illustrates  interpretation  ol 
the  overlay  as  described  in  the  figure  caption 

As  can  be  seen,  the  black  target  stats  always  at 
relative  visual  range  ratios  near  1.0,  hut  a  white  target 
changes  from  negative  to  positive  contrast  depending  on 
the  albedo  and  value  of  in.  and  hence  is  not  desirable  as  a 
visibility  target. 


This  relates  the  sky  radiance  at  each  zenith  angle  »  to  the 
horizon  sky  radiance  and  assumes  no  azimuth 
dependency.  The  equivalent  horizon  sky  reflectance  based 
on  Eq.  (16)  is 


„R (0. 90°)  -  10.5  (l+/t)  +  —(—  +  -4)]-'  .  (17) 

3  it 


where  A  is  the  albedo. 

Equation  (17)  is  derived  in  the  Appendix.  The 
horizon  sky  reflectance  based  on  Eq.  (17)  is  graphed  in 
Fig.  10a  for  various  values  of  m  as  a  function  of  albedo  A. 
The  albedo  is  the  ratio  of  upwelling  to  downwelling 
illuminance.  The  ordinate  is  marked  on  the  left  side  in 
horizon  sky  reflectance.  On  the  right  hand  scale  are  noted 
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Fig.  10a.  Horizon  Sky  Reflectance  Bused  Upon  Modified  Moon  und 
Spencer  Fquulion  for  an  Overcast  Sky. 
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Fig.  1 0b.  Ilori/on  Sky  Reflectance  Curves  with  Overlay  of  Relative 
Visual  Range  Curves  for  Sample  Target  Reflectances. 

Figure  10b  is  interpreted  by  using  the  horizontal  leg  of  a  right 
triangle  to  connect  the  point  on  the  Horizon  Sky  Reflectance 
curve  to  the  Target  curve  and  then  by  using  the  vertical  leg  of 
the  triangle  to  go  from  the  Target  curve  to  the  appropriate 
Relative  Visual  Range  scale  indicated  at  the  top  of  the  graph 
This  is  illustrated  in  f  igure  IflC  for  a  horizon  sky  reflectance 
of  0.38  (appropriate  lor  an  m  of  3  0  and  an  albedo  of  1.0)  and 
the  black  target,  the  resultant  relative  visual  range  is  0  % 


Horizon  Sky  Reflectance  from  4n  Radiance  Measurements. 

We  have  a  few  sample  horizon  sky  reflectance 
values  from  actual  measurements  of  sky  and  terrain 
radiance.  A  simple  computer  program  MODE3,  takes  the 
values  of  upper  and  lower  hemisphere  luminance  from 
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l  ig  10c.  illustration  of  Method  of  llsc  of  Overlay  C  urves. 

airborne  scanner  claUi  arrays,  and  compuies  illuminance  on 
a  surface  or  surfaces  specified  by  the  zenith  angle  and 
azimuth  of  the  normal  from  the  surface.  This  program 
was  run  for  illustrative  purposes  on  low  altitude  data  for 
an  overcast  day  and  for  a  separate  problem  for  a  cloudy 
day  with  unobscured  sun.  The  sample  values  of  horizon 
sky  equivalent  reflectance  are  graphed  in  Fig.  I  la  as  a 
function  of  azimuth  from  sun. 


The  overcast  day  was  on  25  May  1970  near 
Memmingen,  Germany  during  the  HaVHNV'IEW  I  field 
trip  reported  in  Duntley.  ct  al.  (1972).  The  terrain  was 
heavily  cultivated,  rolling  pasture  land  occasionally 
interrupted  by  large  patches  of  dark  forest  and  had  an 
albedo  of  0.07.  These  reflectances  are  tabulated  in 
Table  4.  The  values  for  horizon  sky  luminance  are  given 
in  Col.  4  in  units  of  Iti/Um2.  These  are  the  same  units 
used  for  adaptation  or  background  level  for  Fig.  1. 

The  cloudy  day  data  with  unobscured  sun  are  for  14 
June  1973  near  Meppen,  Germany  during  the 
HAVENV1EW  II  field  trip  reported  in  Duntley,  etui. 
(1976).  The  terrain  consisted  of  mainly  cultivated 
farmlands  interspersed  with  dark  patches  of  dense  woods 
and  had  an  albedo  of  0.075  at  the  lowest  airborne  altitude. 

The  range  of  adaptation  level  (Col.  4  Table  4)  is 
5.50E3  to  1.94E4  lu/ltm2.  The  Tiffany  data  curves 
(Ai=°°)  Fig.  1  are  for  3.4E3  and  3.40E2  In/ It  m' 
respectively  and  the  Taylor  0.33  second  data  for  2.60E2 
luf Uni2.  It  is  assumed  that  the  contrast  threshold  remains 
a  constant  at  these  high  background  luminance  levels  and 
is  not  degraded  by  glare. 

From  overlaying  Fig.  9  on  Fig.  11a,  as  depicted  in 
Fig.  lib,  we  see  that  the  black  target,  reflectance  0.04,  still 
yields  a  relative  visual  range  of  0.95  for  even  the  lowest 
horizon  sky  equivalent  reflectance  of  0.30  which  was  at 
180  degrees  azimuth  for  the  cloudy  sky.  The  overcast 
horizon  sky  reflectances  are  very  azimuth  dependent  and 
the  cloudy  sky  values  even  more  so.  Non-black  targets 
such  as  a  grass  covered  mountain  (tR„-0.10  estimated) 
can  be  used  with  reasonable  accuracy  for  azimuths  0—90" 
but  are  more  error  prone  near  180°  azimuth.  A  snow 
covered  mountain  should  never  be  used  (estimated 
reflectance  0.80). 

These  horizon  sky  equivalent  reflectances  are 
limited  to  terrains  with  albedos  near  0.07  and  to  a  medium 
high  sun,  sun  zenith  angles  39  to  52  degrees.  It  would  be 
extremely  interesting  to  have  values  of  horizon  reflectance 
for  clear  skies,  a  range  of  sun  zenith  angle  and  albedo,  etc. 


Table  4. 


Equivalent  Hon/on  Sky  Reflectances  from  Low  Altitude  Airborne  Measurements  for  Pseudo- Phot opic  Filter 
Mean  Wavelength  557  Nanometers 


Flight 

No. 

Altitude 

(m) 

Path  of 
Sight 
from  Sun 

4 

Sky 

Luminance 

itn/nmh 

Illuminance 

Uu/m 
Elz.90. 
«+  1801 

Horizon  Sky 
Equivalent 
Reflectance 

Albedo 

Sun 

Zenith 

Angle 

Description 

C-289 

258 

0 

1.55E4 

1.04E4 

4.67 

.075 

40  5 

Scattered  clouds. 

90 

8.89E3 

1  44F.4 

J.93 

unobscured  sun 

180 

7  47F.J 

7.94E4 

297 

CJM 

1192 

0 

1  95F4 

I.4SE4 

422 

071 

39  | 

Broken  douds. 

90 

1  I7F.4 

2.05E4 

t  to 

unobscured  sun 

180 

9.37E3 

8.66E4 

340 

C-134 

280 

0 

9.52E3 

1  45E4 

206 

070 

51.6 

Overcast 

45 

7.4IEJ 

1  49E4 

1  58 

90 

6.39EJ 

I.95E4 

103 

US 

6S0E3 

3  80E4 

538 

180 

6.15FJ 

4.64F.4 

.417 

-US 

J.WEJ 

J.77E4 

.498 

-90 

5S0EJ 

2.00E4 

1*2 

_ 

45 

7.43E3 

1.59M 

147 
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Fig  I  la  Horizon  Sky  I  quivalem  Redeilance  from  Low  Alniude 
Airborne  Measurement 


8.  BACKGROUNDS  OTHER  THAN  THE  CLEAR 
HORIZON  SKY 

The  threshold  contrast  of  a  black  target  seen  against 
the  clear  horizon  sky  is  a  function  of  the  transmittance  at 
the  visual  range  r. 

If, I  -  7,  .  (18) 

The  apparent  contrast  of  a  black  target  against  any 
background  at  distance  r,  is 

IC',,1  (19) 

If  the  target  is  seen  against  a  background  which  is  behind 
the  target  at  distance  nr  from  the  observer,  the  apparent 
radiance  of  the  background  »/vfJ  as  measured  at  the 
observer  is. 


>Nrt->Ko%V+K'%  <1-7?)  . 


mi  /  --L - L - -1 

0  45  w  125  180 

A/IMI  TH  I  ROM  SUN  (Degrees) 

lig.  lib  Horizon  Sky  l  quiwilenl  Reflectance  from  l  iw  Almiule 
Airborne  Measuremcnis  with  Overlay  of  Relative  Visual  Range 
(  urves  f  or  Sample  I.irjtct  Rcllceiances 


{f  TT”  +  R,  £  <1-77'" »  (21) 


Also  the  transmittance  7rj  in  terms  of  the  threshold  range 


r,a  -  T*  (22) 

Now  substituting  Eqs.  (20),  (21),  and  (22),  into  Eq.  (19). 
we  gel 

*  7?+  (1  - 77*> 

Now  we  want  to  put  the  observer  al  the  correct 
distance  so  that  Ic,  I  -  |C,|.  Therefore,  substituting  Eq. 
(18)  into  (23)  and  simplifying,  we  get 


where  »/?„  is  the  background  reflectance  and  K,  is  the 
equilibrium  reflectance.  Similarly,  if  the  target  is  at 
distance  n'r  from  the  observer,  the  radiance  of  the 
background  as  measured  at  the  target  position  »/v„  is 


,  .  A_ 


77  +  77 '  -  77 


77+  1-77 


Rearranging  we  gel 


or 


/,"  -  -  i"\  +  i,  -  [?;"*'  -  i"\ 

In  j  [tt1  -  7?]  +  rt  -  |7T'  -  r;J  j 


(25) 


(26) 


Thus,  once  a  value  has  been  assumed  for  the  threshold 
contrast  or  7,  of  the  black  target  against  the  horizon  sky. 
Eq.  (26)  may  be  solved  for  various  values  of  the 
background  to  equilibrium  reflectance  ratio  ^R„/Rv  and  n, 
the  relative  distance  of  the  background  from  the  threshold 
range  r. 

If  fiRJRq-lK  which  is  the  case  for  a  black 
background,  Eq.  (25)  reduces  to 

r?  -  7;  -  T?+l  +  T"  (27) 


This  is  equivalent  to  Eq.  (6.32)  of  Middleton  (1952). 
Middleton,  however,  does  not  extend  the  analysis  to  non¬ 
black  backgrounds  which  Eq.  (26)  allows  us  to  do. 

Similarly  if  I.  which  is  (he  case  for  the 

horizon  sky  as  background,  Eq.  (26)  reduces  to 


which  means  the  target  is  at  the  threshold  range  r,  as  it 
should  he. 

Equation  (26)  has  been  evaluated  for  a  threshold 
contrast  of  0.05  in  Table  5.  The  column  for  n  can  be 
interpreted  as  the  relative  visual  range  since  it  is  the 
distance  related  to  the  true  visual  range  r,  if  the  target  is 
viewed  against  a  non-horizon  sky  background.  The 
column  marked  n  is  the  background  distance  from  the 
observer  relative  to  the  true  visual  range.  The  fourth 
column  gives  the  background  distance  relative  to  the 
target  distance.  One  of  the  constraints  is  the  n/n'^l  since 
this  was  one  of  the  assumptions  upon  which  the  equation 
was  developed. 

Middleton  (1952)  suggested  a  background  at  least 
1.5  limes  as  far  as  the  target,  based  on  the  black 
background  equation  evaluated  for  a  threshold  contrast  of 
0.02.  The  same  rule-of-thumb  is  given  by  the  WMO 
(1971)  for  the  threshold  contrast  0.025.  A  slightly  larger 
relative  distance  is  needed  for  the  threshold  contrast  of 
0.05  and  a  relative  visual  range  of  0.935  with  a  black  target 
and  black  background. 

As  can  be  seen,  non-black  backgrounds  which  have 
reflectances  less  than  equilibrium,  at  the  same  relative 
distance  beyond  the  target  have  relative  visual  ranges  even 
closer  to  one  than  the  black  background.  The  non-black 
background  simply  approaches  equilibrium  radiance  at 


shorter  distances.  Thus  the  rule-of-thumb  based  on  a 
black  background  works  equally  as  well  or  rather  better  for 
non-blaek  backgrounds  equal  to  or  less  than  the 
equilibrium  reflectance. 

Tor  backgrounds  brighter  than  equilibrium,  such  as 
a  bright  cloud,  it  is  another  matter.  For  these 
backgrounds  it  is  necessary  to  have  the  background 
approximately  twice  as  far  as  the  target  before  the  relative 
visual  ranges  are  reasonably  accurate 

The  term  hRJ 7?,  in  Eq.  (26)  is  similar  to  sky-ground 
ratio  used  historically  in  contrast  transmittance 
computations.  To  avoid  confusion,  let  us  digress  briefly  to 
explain  the  meaning  of  the  sky  ground  ratio. 


Table  5. 

Evaluation  of  Eq  (26)  foi  *  Threshold  Contrast  of  0  05  for  Black  Targets  Viewed 
Against  Backgrounds  Other  Than  (he  Clear  Hon/on  Sky 
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Sky-Ground  Ratio 

When  equilibrium  luminance  is  constant  with 
altitude  the  contrast  transmittance  equation  can  be  written 
as  [Duntley  (1946),  Eq.  (36)  p.  32  and  Duntley  (1948) 
Eq.  (21)1 


1  + 


V-, -V 


(T-'(z.fl)- 1) 


(29) 


where  fl,(/3)  is  the  equilibrium  luminance  for  the  path  of 
sight.  It  is  reasonably  equivalent  to  the  horizon  sky 
luminance  at  an  angle  from  sun  p  equal  to  the  angle  from 
sun  of  the  path  of  sight  ».<b.  It  should  be  noted  that  the 
line  of  sight  to  the  horizon  used  for  the  determination  of 
the  appropriate  equilibrium  luminance,  will  in  general  not 
be  at  the  same  azimuth  as  the  path  of  sight  used  for 
determining  the  background  luminance  against  which  the 
target  is  viewed. 

Equation  (29)  can  be  rewritten  in  terms  of 
reflectance  as  follows 


C,(z.#.*> 

C0(z„f),*) 


I  + 


R,G„p) 

»K„(z,.#.<fr) 


(rr(z.#)-'  -1) 


(30) 
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Thus  the  sky-ground  ratio  is  fl,<0)/*0„  or  #„(£>/»/?„.  11  is 
a  luminance  ratio  not  an  illuminance  ratio  like  albedo. 
The  sky  ground  ratio  is  the  inverse  of  the  ratio  used  in 
Eq.  (26)  and  Table  5.  Equation  (30)  refers  to  any  target 
and  any  path  of  sight  whereas  Eq.  (26)  is  limited  to  black 
targets  and  horizontal  paths  of  sight. 

Thus  the  sky-ground  ratio  was  used  with  reference 
to  contrast  transmittance  of  an  object  against  a  non-sky 
background.  It  was  a  method  of  obtaining  an  indication  of 
the  degradation  of  contrast  by  the  spacelight  by  using  a 
horizon  sky  luminance  at  the  correct  angle  from  the  sun  ji. 


Middleton  (1952)  and  more  recently  Douglas  and 
Booker  (1977)  give  detailed  descriptions  of 
transmissometers  including  calibration  methods  and  error 
analyses.  In  addition.  Douglas  and  Booker  give  a  detailed 
history  of  the  development  and  use  of  transmissometers 
for  obtaining  runway  visual  range. 

Attenuation  t  '(Efficient. 

The  attenuation  coefficient  utr)  can  be  expressed  as 
a  function  of  the  luminous  path  function  <*»>  and  the 

equilibrium  luminance  t- »,</>)  (Eq.  (11)  of  Duntlev. 
eral.  (1957)) 


9.  PHYSICAL  MEASUREMENT  METHODS 

Direct  physical  measurement  of  air  clarity 
appropriate  to  the  human  observer  can  be  made  by 
sensors  filtered  to  produce  a  photopic  response  as  specified 
by  the  C.I.F  Some  of  the  most  direct  methods  for 
specifying  air  clarity  are  to  measure  luminance 
transmittance,  attenuation  coefficient  or  total  volume 
scattering  coefficient.  An  alternate  method  of  measuring 
the  apparent  radiance  of  distant  dark  targets  and  the 
horizon  sky  is  also  in  current  use.  This  review  will  not  be 
exhaustive  in  terms  of  these  techniques  but  each  method 
will  be  described  briefly  as  well  as  how  they  are  relatablc 
to  the  visibility  range  VV  as  specified  by 

(■')'  *■  —  (31) 

a 

which  is  consistent  with  Eq.  (10). 

Luminance  Transmittance. 

A  transmissometer  for  measuring  luminance 
transmittance  utilizes  a  light  source  with  known  intensity  I 
and  a  telephotometer  at  a  known  distance  r.  The 
relationship  utilized  is 


/  r,(0.90°) 


(32) 


Thus  by  measuring  the  illuminance  E,  the  transmittance 
T,  can  be  obtained. 

The  luminance  transmittance  is  a  function  of  the 
attenuation  coefficient  and  the  range  r 

r,(0,90°)  -  e-"'0'' .  (33) 


BAz.ti,  4>) 


(36) 


All  three  parameters  in  Eq.  (36)  are  point  functions  and 
may  vary  from  point  to  point  along  a  path  of  sight  If  the 
atmosphere  is  reasonably  homogeneous  horizontally  and 
the  horizon  is  free  of  clouds,  the  horizon  sky  luminance  is 
equal  to  the  equilibrium  luminance.  The  path  function 
can  be  obtained  by  measuring  the  luminance  of  a  black 
shadow  box  at  a  short  path  length  from  the  photometer. 
The  path  function  is  in  units  of  luminance  per  path  length. 

If  the  black  box  and  the  horizon  sky  luminance 
measurements  are  made  by  the  same  sensor,  the  absolute 
calibration  is  no  longer  important,  only  the  precision  of 
the  two  measurements,  since  any  absolute  error  is  factored 
out  by  using  the  ratio  of  the  two  values. 

The  visibility  is  obtained  from  the  attenuation 
coefficient  by  means  of  Eq.  (31).  Instruments  of  this  type 
were  developed  by  Duntlev  shortly  after  the  conclusion  of 
the  Tiffany  experiments  and  are  described  most  completely 
in  Duntlev.  el  at.  (1957). 

Total  Volume  Scattering  Coefficient. 

The  total  scattering  coefficient  s(:»  appropriate  to 
(he  photopic  sensor  is  equivalent  to  the  attenuation 
coefficient  in  most  cases  since  absorption  is  negligible  in 
the  visible  spectrum  for  the  fixed  gases  in  the  air  and  for 
clean  fogs.  Smoke  and  dust  do  absorb  in  the  visible  so 
that  when  these  are  present  the  total  scattering  coefficient 
will  be  less  than  the  attenuation  coefficient.  Otherwise, 
the  value  of  sir)  is  substituted  for  u(r>  in  Eq.  (31)  to 
obtain  the  visibility. 

Beutell  and  Brewer  (1949)  described  two  basic  types 
of  total  scattering  meters  which  are  in  use  currently.  Both 
utilize  the  relationship 


This  relationship  can  also  be  expressed  as 

In  T,(0,90“)  -  — «<0)r  . 

Now  substituting  in  Eq.  (31)  we  get 

yy  m  - If - 

-In  Tr( 0,90°)  ' 


(34) 


(35) 


s(z)“  .  (37) 


where  is  the  volume  scattering  function  at  angle  0 

from  the  light  source.  Both  schemes  do  the  integration 
optically  over  nearly  the  complete  4ir  solid  angle. 

Both  schemes  measure  jfr)  as  a  point  function.  If 
the  horizontal  layer  of  the  atmosphere  is  not 


13 


homogeneous,  this  value  is  not  applicable  to  the  longer 
path  indicated  by  the  visibility  distance.  Some  of  this 
disadvantage  can  be  overcome,  however,  by  averaging 
over  a  period  of  time. 

Diffuse  Ltyht  Sonne.  One  scheme  utilizes  a  diffuse 
or  cosine  light  source  to  illuminate  a  volume  of  air.  The 
sensor  direction  is  perpendicular  to  the  normal  from  the 
light  source  surface.  Instruments  of  this  type  were  used 
by  Crosby  and  Koerber  ( 1963)  and  more  recently  by 
Charleson.  el  al.  (1967)  and  Horvath  and  Noll  (1969)  for 
environmental  pollution  studies. 

C  osine  Collector.  The  second  scheme  for  measuring 
total  volume  scattering  coefficient  utilizes  a  diffuse  or 
cosine  collector  on  the  sensor  with  a  collimated  light 
beam.  It  is  the  inverse  of  the  first  scheme.  This  second 
scheme  has  been  utilized  by  Duntley,  et  al.  (1970)  and 
Duntley,  ct  al.  (1978)  in  studies  of  the  optical  properties 
of  the  troposphere,  both  daytime  and  nighttime. 

Apparent  Luminance  of  Distant  Object  and  Sky. 

Telephotometry  of  a  distant  mountain  at  known 
distance  r  and  the  horizon  sky  adjacent  to  it  provides  a 
measure  of  the  apparent  luminance  of  the  target 
,0,10.90 “.</>»  and  the  background  ,<t>).  This  ratio 

is  directly  relatablc  to  the  apparent  contrast  by  Eq.  (1).  If 
the  inherent  contrast  is  reasonably  close  to  -  I  and  the  path 
of  sight  is  horizontal,  the  apparent  contrast  is  also  directly 
related  lo  the  attenuation  coefficient  <«(())  by  Eq.  (8).  Now 
combining  Eqs.  (1),  (8),  and  (31),  we  get  the  visibility  as 
a  function  of  the  distance  to  the  target  rand  the  ratio  of 
the  apparent  radiance  of  the  target  and  the  horizon  sky 


,0,(0, 90°, 0) 
*0,(0. 90  \<bl 


(38) 


This  method  has  the  same  advantage  of  being 
independent  of  absolute  calibration  errors  as  has  the 
attenuation  coefficient  method  if  a  single  sensor  is  used  to 
measure  both  the  target  and  the  horizon.  It  is,  however, 
subject  to  the  same  errors  as  the  visibility  ranges  obtained 
by  observers  if  a  non-black  target  is  used.  A  measure  of 
this  error  was  depicted  in  Fig.  8.  No  attempt  will  be  made 
herein  to  treat  the  problem  of  errors  when  a  non¬ 
horizontal  path  of  sight  is  used. 

An  indication  of  the  inherent  contrast  can  be 
obtained  indirectly  by  a  measurement  of  illuminance  at  the 
tclephotometer  site.  This  illuminance  should  be  measured 
by  a  vertical  illuminometer  oriented  so  that  the  normal 
from  the  surface  is  180  degrees  from  the  path  of  sight 
azimuth,  £'(0. 90.^+180'’).  With  this  and  the  horizon  sky 
luminance,  the  equilibrium  reflectance  can  be  computed 
from 


0,(0. 90°.  *) 


, 0,(0, 90°. 0)  it 
£<0,90°.<H-I80°)  ‘ 


(39) 


A  ballpark  estimate  of  the  inherent  reflectance  of  the 
target  can  probably  be  made,  i.e.  is  the  mountain  forested. 


rocky,  snow  capped,  etc.,  and  an  estimate  of  t  „  made 
accordingly.  When  0,  is  fairly  high,  i.e..  >1.  many 
natural  surfaces  will  have  inherent  contrasts  reasonably 
close  to  -1  as  indicated  by  Fig.  9 

This  method  is  subject  to  the  same  errors  as  the 
observed  visibility  when  the  background  is  other  than  the 
clear  horizon  sky  (see  Table  5). 

This  method  was  also  investigated  by  Duntley  when 
he  developed  the  meter  for  measuring  attenuation 
coefficient.  He  describes  some  of  the  theory  and  error 
analysis  of  a  large  base  operation  in  Sect  V  5  of  Duntley 
(1952).  A  slight  modification  of  this  method  is  discussed 
by  Horvath  and  Presle  (1978). 

Telephotometry  of  distant  objects  using  several 
narrow  bands  in  the  visible  spectrum  is  described  by  Malm 
(1978).  This  method  is  currently  being  developed  by  EPA 
to  use  in  monitoring  the  air  quality  in  areas  such  as  parks 
which  are  to  be  protected  from  pollution  according  to 
congressional  mandate. 

10.  VISIBILITY  BIBLIOGRAPHY 

Recently  a  computerized  search  was  conducted  to 
obtain  a  bibliography  on  Visibility.  This  search  was 
conceived  as  supplementing  the  annotated  bibliography  of 
Grimes  (19b9)  which  covers  the  period  1950-1969  and 
contains  179  references.  Three  library  sources  were 
searched  as  follows: 

NTIS,  1969  to  present.  185  references. 

Physical  Abstracts.  1969  to  present,  193  references. 

Meteorological  and  Geophysical  Abstracts.  1970  to 

present,  209  references. 

The  beginning  year  for  the  search  from  the 
Meteorological  and  Geophysical  Abstracts  was  simply  the 
earliest  available  in  computer  form.  All  the  listings 
included  abstracts.  It  is  expected  that  the  listings  from  the 
three  sources  may  be  partially  redundant,  but  the  attempt 
was  to  obtain  a  fairly  complete  bibliography  rather  than  a 
non-redundant  one.  Since  each  listing  is  in  roughly 
chronological  order,  the  composite  bibliography  is  a  viable 
source  of  further  information. 

No  attempt  has  yet  been  made  to  review  this 
bibliography  or  to  include  any  portion  herein  due  to  its 
size.  The  total  bibliography  numbers  766  references. 

11.  SUMMARY 

The  daytime  visibility  is  the  distance  an  observer 
can  see  a  black  object  against  the  horizon  sky.  The 
visibility  as  reported  meteorologically  correlates  well  with  a 
contrast  threshold  of  0.05,  and  thus  the  visibility  times  the 
atmospheric  attenuation  coefficient  is  equal  to  3. 
Psychophysical  data  on  visual  thresholds  for  0.33  second 
glimpse  times  when  corrected  to  confident  viewing  with  a 
4  degree  uncertainty  of  target  position,  predict  the 
visibility  distances  well  and  indicate  that  the  observers  are 
using  targets  subtending  about  7.6  minutes  of  arc. 
Visibilities  have  an  uncertainty  of  approximately  ±20 
percent  in  relation  to  measured  physical  parameters  of  air 
clarity. 
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I  II)  i  «(9o  i  tt[|  +  }  (A. 41 

.V 

I  he  modtlier  on  the  illuminance  designates  the  zenith 
angle  of  the  normal  from  the  illuminometer.  The  average 
upwelltng  luminance  H„  is  related  to  the  albedo  A  by 

1  -  ,  hi*)  .(is  >1  (A  5) 

7T  ' 

The  illuminance  on  a  vertical  plaque  is  the  sum  of 
the  illuminance  from  half  the  sky  /  <40  .J)  and  from  half 
the  lower  hemisphere  or  terrain  /  T4t)  T/> 

/.  (90 " l  =  /.(‘HI  .it l  +  /. I4tr.il I  (  A  6) 


APPENDIX 


The  illuminance  on  the  plaque  from  the  terrain  is 

/;  1 40  l,./i)  -  y  //„  -  I  fl(90°l  7r(y  +  j  ]  .  (A. 7) 


OVERCAST  SKY 

One  of  the  commonly  used  expressions  to  represent 
the  overcast  skv  luminance  is  from  Moon  and  Spencer 
(1942) 


The  illuminance  on  the  plaque  from  the  sky  is 


A(4t)V> 


//<#)«  is/z'sin#  </«(/<* 


(AS) 


«(«)  -  #(90°)  |l  +  2cosH|  .  (AT) 

where  «  is  the  zenith  angle.  The  sky  luminance  is  thus 
azimuth  independent.  Middleton  (1952)  Uq  (6.8) 
expresses  this  in  the  more  general  form 

tf<«)  -  #(90“)  II  +  m  cos// 1  .  (A. 2) 


The  angle  »'  is  the  angle  between  the  normal  front  the 
illuminometer  at  zenith  angle  90°  and  the  sky  position  at 
».  Using  the  equation  for  rotation  of  coordinates  to  <6=4(1 
and  *|=o  from  Gordon  (1969)  p.  45  Group  A.  1 2. 

cos/)'  «  sinWc<)s*sinW|Ci>s*|  +  sin</sin*sin«|sin*|  (A. 9) 
+  COSWcos^i  . 


This  relates  the  zenith  and  horizon  luminances  according 
to  Table  AT. 


t  able  A.  I  /eniih  in  I  lon/on  Relulionships  l«»r  ihc 
MtKtilicil  Mtxw\  &  SpcvKCT  l  i}U;ilM»n 
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Since  siitW|=cos*|=  I  <tnd  cos«(=siii*|=(). 

c<  >s «'  =  sinAcos*  ( A.  10) 

Now  substituting  l.q  (A. 2)  and  (A.10I  into  Eq.  (A. 8)  we 
get 

/.  (90  '.«/>  =  2//<90'T  57  1 1  m  cos«  I  si  n  i/Ocos*  4*  .(All) 


which  when  evaluated  becomes 


/T(90T«/I  =  Hm”)  <r(|  +  ~  ]  (A. 12) 

The  down  welling  illuminance  Irom  liq.  A,  2  is  z  in 
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Thus  the  total  illuminance  on  a  horizontal  plague  is  the 
sum  of  fig.  (  A. 7 1  anti  (A.  1 2) 

unit  i  =  tttmt  >  7rUtt+  it  +  (—  +  t)l  1 A . > A > 

2  .!  ix 

The  luminance  of  a  vertical  plague  of  reflectance  ,H„ 
would  be 


ir 


(A. 14) 


This  is  eguivalent  to  I  g  ((>  14)  in  Middleton  tl‘)'7* 

A  useful  term  in  evaluating  contrasts  against  the 
horizon  skv  background  is  the  eguivalent  reflectance  ol 
the  horizon  sky. 
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Substituting  in  I  g.  t  A  15)  lor  /  oxi  i  «c  gel 
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